This paper investigates the computational-based deformation and energy absorption capability of laminated metal panels composed of high-strength steel and aluminium alloy under low-velocity impact. Layering aluminium alloy plates with high-strength steel has become of interest for reducing the overall density of armoured vehicle bodies while improving the ballistic resistance. In order to enhance the attractiveness of laminated plate construction, it is essential to study the strength of the two different metals in a laminated panel under low-velocity impact before performing a ballistic impact. Two types of laminated panels were constructed: two-layer and three-layer configurations. Both were oriented transverse to the loading axis and solved using quasi-static analysis. The deformation behaviour of these panels was studied and the energy absorption capacities were quantified. The results showed that the energy absorption capacities of the laminated panels were on average 220% higher in the three-layer configuration panels compared to in the two-layer configuration panels. The deformation lengths in the three-layer configuration panels were on average 22% smaller than those of the two-layer configuration panels with 25% to 30% weight reduction. The best three-layer configuration panel will be used later for investigating a suitable combination panel for armoured vehicles subjected to ballistic impact.
INTRODUCTION
The current trend in the military industry is to integrate lightweight materials into armoured vehicle designs to reduce vehicle weight in order to improve fuel consumption efficiency and manoeuvrability, without compromising the performance and safety. The decrease in vehicle weight cannot reduce passenger safety. Therefore, the materials used in the manufacturing cannot compromise the stiffness and strength. When developing new armoured vehicle panels, structural crashworthiness must also be considered because force transmissions are closely related to the deformation and energy absorption capability of the panels [1] . Thus, it is important to properly determine the behaviour and properties of new materials to be used in these vehicles. Incorporating existing materials with lightweight materials such as composites, aluminium foam and aluminium alloys has become of interest nowadays [2] [3] [4] . Aluminium and its alloys are among materials widely used to achieve lightweight construction and improve vehicle crashworthiness. These materials have high stiffness-to-weight ratios, good formability, good corrosion resistance and recycling potential, which make them appropriate candidates for integration with the existing high-density armour steel [5] . It has been observed that aluminium has some weaknesses compared to high-strength steel when dealing with structural impact. Since aluminium plates have poor ballistic performance, they are often utilised in multi-layered or spaced structures in combination with other materials [6, 7] .
The experimental approach can provide good perforation results, but it is very expensive. On the other hand, computer simulation has been proven to be a powerful and economical tool for the prediction of the deformation and penetration of laminated panels [8, 9] . In recent years, many scholars have concentrated on using the finite element method to study the behaviour of developed panels (Nair et al., 2013; Ramadhan et al., 2013) . They integrated light materials, such as composites and aluminium alloys, with existing armoured steel to reduce the weight. It has been demonstrated that the use of aluminium and its alloys offers considerable potential for reducing the weight of an armoured vehicle body. Flores-Johnson et al. (2011) concluded in their paper that multilayered mixed plates of high-strength steel and AA7075-T6 have the potential for use in protective structures based on their ballistic experiment and simulation. AA7075-T6 and AA5083-H116 can be integrated with armoured steel to serve as vehicle protective structures [10] . Besides being studied as ballistic resistive structures, aluminium alloy has been widely studied as an energy-absorbing material for thin wall structures. Rao et al. (2012) conducted a series of experiments to study the crashworthiness behaviour of aluminium alloy and high-tensile steel under low impact velocity and found that laminated high-tensile steel and aluminium alloy can increase the energy absorption of a structure [11] . Abassi et al. (2015) also found that laminated high-strength steel and aluminium alloy can improve energy absorption capability of a box structure under low velocity impact [12] .
The main criterion for armoured vehicle performance is its ballistic impact resistant capability resulting from high velocity impact by a low mass projectile. The materials used in the laminated panel must also not compromise the stiffness and strength of the vehicle panel in both low-and high-velocity impacts because structural resistance to severe impacts is directly related to structural integrity [13] . Structural performance in low velocity must also be considered because force transmissions between layers in laminated panels are related closely with the deformation and energy absorption capability of the panels [1] . Thus, it is essential to better understand the local strength and energy-absorbing characteristics of developed laminated panels in order to determine the behaviour and properties of new panels to be used in these vehicles in terms of their strength during low-velocity impacts while considering high-velocity impacts, such as ballistic impacts. Since armoured vehicles are also subjected to crashes and unwanted flying debris during service, it becomes crucial to study the crashworthiness of the structures in terms of energy absorption and deformation upon low velocity impact. The objective of this study is to investigate the energy absorption for two-and three-layer laminated panels consisting of high-strength steel and aluminium alloy. In this work, quasi-static three-point bending tests were performed using an explicit non-linear finite element programme to analyse the deformation and energy absorption. A series of simulations for different thicknesses of high-strength steel and aluminium panels was conducted to analyse the effects.
MATERIALS AND METHODS
The methodology framework used in this study is given in Figure 1 . Combining two different metals of Ar500 steel and Al7075-T6 aluminium is an interesting option leading to weight-saving and impact-resistance improvements based on their material properties in terms of hardness and tensile strength. Therefore, firstly tensile and hardness tests were conducted to find the properties of these materials. The cross section and the length of the gauge area were 6 × 6 mm 2 and 25 mm, respectively. The tensile test was performed based on the ASTM E8 and the sample was strained at a cross head speed of 1.5 mm/min to obtain the stress-strain curve for mechanical properties analysis. A Rockwell hardness tester was used for B scale hardness measurement of the tested materials. The Rockwell scale is a hardness scale based on the indentation hardness of a material. Then, the computational method was executed using the material properties found from the tensile test. 
Crashworthiness Parameters
As a type of important lightweight structural components, laminated panels have gained popularity in automotive industry applications. The structural crashworthiness signifies an important mechanical property under impact loadings and it was found to vary significantly with changes to parameters such as laminate layer thickness and density [14] . By definition, the crashworthiness is the ability of a structure to absorb impact energy with minimal attenuation of survivable space. It can be evaluated by several criteria, such as energy absorption (EA) and specific energy absorption (SEA). EA is the total strain energy absorbed during deformation and can be calculated from the curve of force-deflection. It is defined in Eq. 1 [15] .
where d is deformed length and ) (x F is the instantaneous load, which can be extracted directly from the simulation data. Specific energy absorption (SEA) is represented as the absorbed energy (EA) per structure mass ( t M ) and is given by Eq. 2:
SEA is one of the most important factors in the design of structures of vehicles where the weight efficiency is the main consideration and has often been taken as the design criteria for lightweight requirements. A higher SEA indicates greater efficiency of the panels in terms of energy absorption capability [15] .
Computational Modelling
For any commercial software, the simulation is usually set up using the procedure shown in Figure 2 . Table 1 shows the material properties of the two materials used in constructing the laminated panels in FE modelling. The first and third layers are made of high-strength steel (HSS) and the second layer is made of aluminium alloy, AA7075-T6. The contact employs a non-linear surface-to-surface formulation to define the contact of various interacting surfaces. In the computational approach, contact is the most essential part of crashworthiness analysis as it defines the interaction between rigid bodies [16] . The impenetrability condition is checked and the kinematic constraint is used to simulate the interface between the first and second layers, and the second and third layers. Since HSS is much harder than AA7075-T6, the kinematic constraint helps to strictly enforce the contact constraint to prevent the soft material from penetrating the hard material during the deformation process. All models are subjected to symmetry boundary conditions as the model geometries and restraints are symmetrical about a plane and it reduces the analysis run time and memory required. The nonlinear explicit finite element programme of a commercial software package was used to predict the deformation and energy absorption capability of the laminated panels. Explicit codes are best suited for incorporation of various material laws into an analysis and are usually preferred when dealing with inelastic constitutive equations [17] . The geometry considerations are summarised in Table 2 and are illustrated in Figure 2 . Case studies 1 to 5 represent the two-layer configurations and case studies 6 to 10 represent the three-layer configurations. Materials for the first and second layers are HSS and AA7075-T6, respectively. The third layer is designated as HSS for the threelayer configuration only, in which the first layer thickness from case studies 1 to 5 is divided into two layers. The important factor in the sample size is its thickness because the selected thickness of 25 mm is the standard thickness of existing armour panels. Each layer thickness was set accordingly to a range of 20-30% weight reduction from the original armour panel to ensure the body stays on the ground during extreme conditions. Figures 2 and 3 show the two-and three-layer configuration panels, respectively. A concentrated load was given for both conditions on the first layer until 100 kN at a rate of 0.4 m/s. The load was set at 100 kN in line with the machine available for subsequent experiments. The velocity was set at 0.4 m/s to ensure the structure slowly deformed with negligible inertia force and kinetic energy to achieve a quasi-static loading state [18] . 
RESULTS AND DISCUSSION
The results from the experimental tensile tests are provided in Figure 4 where the tensile strengths of HSS and AA7075-T6 are 1687 MPa and 545 MPa, respectively. A slight difference in the elongation of these materials was observed, where HSS exhibits 12.1% and AA7075-T6 is 11.8%. HSS possesses a very high hardness of 114 HRB while AA7075 has a hardness of 84 HRB. A summary of the mechanical properties of the highstrength steel and the aluminium alloy is given in Table 3 . Because of the limitation of universal testing equipment to perform a bending test of a thick layer of HSS with high hardness and ultimate strength, the computational method is one of best options to be utilised in order to study the deformation and energy absorption capabilities of the developed laminated panels. The crashworthiness behaviour of laminated panels was studied using a commercial software programme. It is recommended that the ratio of kinetic energy (ALLKE) to internal energy (ALLIE) be small and that ALLKE should not exceed 5% of the ALLIE (Abaqus-Inc, 2014). ALLIE is the internal energy of the material caused by elastic and plastic strain energy and ALLKE is the kinetic energy of the material caused by motion. Figure 5 shows that ALLKE is small enough to indicate that the meshing is refined enough for quasi-static explicit simulation. The kinetic energy of the deforming panels should exceed a small fraction of its internal energy through the majority of a quasi-static analysis to ensure that the rate of panel deforming did not dominate the response. The response should be at the slowest mode without inertia force effect [18] . Figures 6 and 7 show the initial condition and deformation patterns for twoconfiguration panels and three-layer configuration panels, respectively. Figure 8 shows the deformation lengths of each case resulting from 100 kN loading at 0.4 m/s. Cases 1-3 as in Figures 6f-h show decrements in deformation lengths by an average of 14% as the layer 1 thickness increased by 1 mm and the layer 2 thickness decreased by 1 mm. When the layer 1 thickness further increased by 1 mm and layer 2 thickness decreased by 1 mm (as in cases 4-5) in Figures 6i-j, the deformation lengths increased abruptly by 160% and caused the layer 2 to fail, which can be seen in Figure 9 from the large decrement in specific energy absorption by an average of 96%. This is the undesirable behaviour of system overloading, which caused the extreme plastic strain leading to structural failure and ineffective energy dissipation process [18] [19] [20] . The failures of cases 4 and 5 happen because layer 2 could not withstand the weight and strength of layer 1, which is three times its weight and ultimate strength. The top layer with much larger weight and hardness acted as an impactor to the softer bottom layer.
The three-layer configurations have been analysed to compare their deformations and energy absorption capabilities with the two-layer configurations. Three-layer configurations (cases 6-10) as in Figures 7f-j are similar to the two-layer configurations (cases 1-5) in terms of the total thickness of the two materials. The deformation lengths of all three-layer cases show average decrements of 6.7% when the lengths of layer 1 and 3 increased by 1 mm and layer 2 decreased by 1 mm. Three-layer configuration panels are more efficient in absorbing the impact energy, which can be seen from Figure 9 where the specific energy absorptions of three-layer configuration (cases 6-8) are two to three times higher than the two-layer configuration panels (cases 1-3) as in Figures 6f-h. Moreover, cases 9 and 10 which possess, the same thickness of layer 2 as with cases 4 and 5, have deformed without failure at layer 2. This trend is probably owing to the higher amount of energy being absorbed by the AA7075-T6 in layer 2 and being dissipated very well by the system as a whole, as described in Figure 6 . As such, the configuration layers played an important role in controlling the amount of energy being absorbed by the laminated panels. It can be seen that the maximum amount of SEA was recorded for the panels that had the largest thickness of AA7075-T6 and the smallest thickness of HSS.
Initial condition
Deformed pattern
(e) (j) Figure 6 . Initial conditions of (a) case study 1, (b) case study 2, (c) case study 3, (d) case study 4, (e) and case study 5. Deformation patterns of (f) case study 1, (g) case study 2, (h) case study 3, (i) case study 4 and (j) case study 5, for two layer configuration panels.
The SEA is related to the deformation length, by which the energy is absorbed by the panel through its deformation behaviour. According to Eq. 1 and Eq. 2, as the deformation length increased, the SEA also increased. All cases except for cases 3 and 4 followed this relationship. The two highest deformation lengths were 16 mm and 19 mm, and the two lowest SEA values were 0.42 kJ/kg and 0.98 kJ/kg for cases 4 and 5 respectively, which caused them to fail. Both of them are two-layer configuration panels where the AA7075-T6 was on the bottom layer. Other than these cases, the highest SEA of 32.27 kJ/kg was found for case 7. Case 7 is a three-layer configuration where AA7075-T6 is in the middle layer. These results show that AA7075-T6 can absorb energy better when it is placed in the middle layer rather than on the bottom layer. Owing to the very high-strength and high-hardness steel as the front layer, the energy was mostly absorbed by the front layer and created a marginal stress effect on the Al7075-T6 as the second layer [21] [22] [23] . The conformity of the deformation pattern of the projectile during impact on both double-layered and triple-layered plates for the numerical results still needed to be done with the experimental results. Scaling of panel thickness should be considered with regards to the high hardness and strength of HSS, and the limitations of the laboratory equipment.
Deformed pattern Figure 7 . Initial conditions of (a) case study 6, (b) case study 7, (c) case study 8, (d) case study 9 and (e) case study 10, and the deformation patterns of (f) case study 6, (g) case study 7, (h) case study 8, (i) case study 9 and (j) case study 10 for three-layer configuration panels. 
CONCLUSIONS
This paper facilitates the selection of appropriate parameters for laminated panels of highstrength steel and AA7075-T6 to withstand low-velocity impacts. Two-and three-layer configuration panels were modelled through the FE programme. Different layer thicknesses of laminated panels produced different deformation and SEA effects. Small changes in this parameter resulted in large changes in deformation and SEA values. The changes in performance of the two-layer configuration panels for combinations of layer 1 with thickness less than 15 mm and layer 2 with thickness more than 10 mm were small compared to the two-layer configuration panels with layer 1 thickness more than 15 mm and layer 2 thickness less than 10 mm, where failure occurred. The first layer of the twolayer configuration panel acted as an impactor to the second layer and caused damage to the second layer as in cases 4 and 5. Meanwhile, the three-layer configuration panels had relatively large deformation to allow high energy absorption, but steadily deformed without failure. The three-layer configuration panels are able to absorb impact energy better than two-layer configuration panels and thus performed better in terms of energy absorption capability and deformation for survivability. Thus, three-layer configuration panels seem to be a suitable combination for use in armoured vehicles. Case study
